INTRODUCTION
During the period between 1948 and 1958, the U.S. detonated 42 atmospheric nuclear weapons tests in the near-surface environment of Enewetak Atoll in the northern Marshall
Islands. 1 The test program produced close-in fallout deposition that contaminated islands and the local atoll lagoon environment with a range of fission and activation products, and unfissioned nuclear fuel. 2, 3 Runit Island experienced eight ground surface tests, eight barge tests conducted from anchor points in the nearby lagoon and on the ocean reef, and one targeted airdrop. 4 However, the most significant contaminating event on Runit was the 1958 Quince test which dispersed device plutonium without reaching criticality in what was commonly described as a safety test. According to various historical reports, contaminated soil from the Quince event was supposedly dumped into the lagoon or bulldozed towards the shoreline, and covered with relatively low when compared to the existing levels of c ontamination in the marine environment. 2, 5 Moreover, the likelihood of such a catastrophic release occurring is very low 5 .
Today, there is a more immediate concern from residual fallout contamination in the terrestrial environment and the associated risk from inhalation and/or dermal exposure to contaminated soil to undergo further interactions in the environment will be strongly influenced by the physical nature, composition and transport behavior of the host particles as well as the physico-chemical properties of the particle associated radionuclides. The dose commitment following an intake of a radioactive particle will also depend on the in vitro dissolution kinetic of particles, and the behavior of the different forms of radionuclides in the body. 6, 7 In general, radioactive particles are now understood to be much more prevalent in the environment than previously postulated, and present new challenges in the fields of radioecology, risk assessments and environmental cleanup. 8.9.10 A number of refined analytical techniques are available to study the size, elemental and isotopic composition, surface morphology, and physico-chemical properties of high activity particles. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] For example, the elemental distribution within single grains can be determined using -beam X-ray emission techniques such as SEM-EDX, SR--XRF, PIXE, and -XRF, and the 3-D distribution of particles may be determined using confocal -XRF and -tomography. In addition, speciation and determination of oxidation states of U and Pu is made possible by using of SR--XANES and SR--XRD. The application of these techniques together with the use of more conventional methods such low-energy gamma-spectrometry and mass-spectrometry (e.g., SIMS, MCICP-MS, AMS) has been invaluable in helping improve our understanding of the physical nature and composition of high-activity particles in the environment. 8, 9, 10, 14, 18, 19, 20, 21, 24, 25 This paper provides an overview of the application of these techniques in relation to the radiological situation at Runit Island with emphasis on the initial investigation designed to assess the levels, distribution 
EXPERIMENTAL

Sample collection and handling
The geographical location of the Fig-Quince zone (approximately 3 hectares in area) on central Runit was identified using map references from historical reports. 4 The site was initially surveyed on a 20 m grid pattern using a Model 935 Surveillance and Measurement System (SAM) in-situ gamma spectrometer (from Berkeley Nucleonics, Inc.) equipped with a NaI detector. Surface soils were collected from each of the grid point locations. Separate soil profiles (at 0-5 cm, 5-10 cm, 10-15 cm, and 15-25 cm) were collected for hot particle studies from five sites identified as containing elevated levels of 241 Am contamination from the in-situ gamma survey. Additional hot particle spot samples were collected by narrowly defining the location of a particle by slowing moving the face of the detector across the surface of the soil, and then removing the particle with small quantities of soil until the remaining activity dropped. All soil samples were packaged in the field and stored frozen for shipment to the Lawrence Livermore National Laboratory (LLNL).
Hot-particle distribution and isotopic analysis
At LLNL, the soil samples were initially oven dried at 60 ºC to constant weight, and then processed according to the following protocol. Grid samples were pulverized by ball-milling to produce a finely divided powder. The powder was then placed in a 200 mL standard tuna can counting geometry, and analyzed for gamma emitting radionuclides ( 60 Co, 137 Cs, and 241 Am) using conventional high-resolution gamma-spectrometry.
Depth profile samples were partitioned into 50 g sub-aliquots (normally 7090 individual samples each) and the material placed in plastic sample jars. Each sample jar was then screened for the presence of 241 Am using a portable gamma spectrometry (SAM) unit as described above with added shielding for the detector. Those samples showing higher-than-average count rates were successively split to obtain individual high-activity particles contained in 50 to 250 mg of soil. The 241 Am content of the each high activity particle sample was determined by highresolution gamma-spectrometry, and the material reserved for non-destructive analysis.
The remaining material from t he high-activity particle isolation procedure was recombined, placed in a metal can, and carefully homogenized on a roller. This material was then used for dry sieve analysis. 
Non-destructive analysis of high-activity particles (at collaborating institutions)
The high-activity particle samples obtained from LLNL were further segregated (~µg) at the Institute for Transuranium Elements (ITU) using a sample splitting technique, placed on adhesive carbon tape, and the exact location of individual high-activity grains revealed with a beta camera. 27 Surface morphology and elemental composition of the individual grains were studied by analyzing the X-ray fluorescence signal from an SEM equipped with an energy dispersive X-ray (EDX) spectrometer (PERSONAL SEM, RJ Lee Group, Inc., USA). The SEM-EDX was operated in the backscatter mode with an applied voltage of 20 kV at a filamentto-sample distance between 16 and 18 mm. 24 3-D maps of the elemental composition (at 10-50 µm resolution) of the high-activity grains were obtained by SR-µ-XRF using the ANKA FLUO beam line at the Synchrotron Radiation Facility situated in Karlsruhe, Germany. 28 The intensity maps correspond to Pu-Lα X-ray lines. A compound refractive lens (CRL) was used to focus the exciting beam and the polycapillary half lens to collimate the detector. SIMS studies were conducted with a double-focusing CAMECA IMS 6f (Courbevoie, France) spectrometer. This instrument uses fast switching between masses, and two microfocus ion sources which can be used in either a microscope or microprobe mode. 24, 29 SIMS techniques were found to be well suited to studying the depth distribution of radionuclides in isolated single grain particles without the need for radiochemical separation.
RESULTS AND DISCUSSION
The mean residual activity concentration of 137 4 With the exception of finding detectable levels of uranium-236 ( 236 U), the total uranium content and isotopic composition of this composite soil are more consistent with natural background levels in coral atoll soils. 32 The natural abundance of A similar conclusion is reached by examining the results of the sieve analysis (Table 4 ).
The activity concentration of 239+240 Pu in the <20 m sieve size fraction for 5 soil samples examined ranged from 2290 Bq kg -1 to over 15,000 Bq kg -1 . The soil enhancement factor in the specific activity of 239+240 Pu in the fine material versus the mean value in surface soils ranged from 2 to 6. Again, any disturbance of t he soil through additional cleanup activities or agricultural practices may lead to more widespread dispersion of contaminated soil and increase the potential risk from inhalation exposure. Similarly, physical movement of the soil will tend to increase the friability of the plutonium-bearing particles, and accelerate the rate of weathering and solubility of particle bound radionuclides. cleanup of the site based on the selective removal of radioactive particles. Moreover, the partitioning of plutonium in the finer mesh size soil provides added concern that any disturbance of the aged soil with tend to re-suspend plutonium-bearing particles and increase the risk from inhalation exposure. Friability of the aged particle matrix may also be a long-term concern, and enhance the mobility and solubility of particulate bound plutonium. The observation that some high activity soil particles contain a surface coating is of special interest because these coatings may limit the effects of weathering on the particles, and reduce the ability for particle bound radionuclides to interact with the environment. 
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